INTRODUCTION
Chronic respiratory infection is one of the hallmarks of cystic fibrosis (CF) lung disease and is the major cause of morbidity and mortality (Gibson et al., 2003) . Infection starts early in life and tends to be persistent (Sly et al., 2009) , though the nature of the most prevalent infecting micro-organisms typically changes with time (CF Foundation, 2009 ). In early childhood, chronic infection tends to be characterized by Staphylococcus aureus but in older subjects is dominated by gram negative organisms, particularly Pseudomonas aeruginosa which infects around 60% of adult CF patients in the UK (CF Trust, 2009 ). Other gram negative genera including Stenotrophomonas, Ralstonia, Achromobacter, and Pandorea are also increasingly cultured from CF sputum (Lipuma, 2010) , and there is also growing recognition of the high prevalence of anaerobes (Tunney et al., 2008; Worlitzsch et al., 2009 ). However, one of the most important groups of organisms causing infection in the CF lung are the those of the Burkholderia cepacia complex (BCC). These currently infect around 3% of UK patients overall, and are predominantly found in adult patients, where the prevalence is four times greater than in those under 16 years (CF Trust, 2009) .
Burkholderia cepacia complex were first identified as important pathogens in CF in the mid-1980s, when infection was recognized to be associated with increased mortality and morbidity (Tablan et al., 1985) . In a minority of patients there may be a rapid and uncontrolled deterioration with septicemia and necrotizing pneumonia (termed "cepacia syndrome") that usually results in early death (Isles et al., 1984) . Patient to patient spread of organisms occurred through social contact (LiPuma et al., 1990) , particularly for the epidemic (ET12) strain of Burkholderia cenocepacia which was responsible for the rapid spread of the organism through some CF units in the early 1990s (Govan et al., 1993) . This caused considerable fear in the CF community and resulted in the application of a policy of strict segregation in clinical units. The prevalence of B. cenocepacia has fallen over the years due to the success of infection control measures preventing further spread and due to the death of chronically infected patients. As a result there has been considerable change in BCC epidemiology (Govan et al., 2007; France et al., Frontiers in Cellular and Infection Microbiology www.frontiersin.org 2008; Lipuma, 2010) . Currently, new BCC infections are more likely to be environmentally acquired than through contact with other patients. The most commonly acquired BCC infection is now Burkholderia multivorans (Govan et al., 2007) . New infections are usually with environmentally acquired strains (Mahenthiralingam et al., 2005) , although rarely patient to patient transmission has also been reported (Biddick et al., 2003) . In comparison with B. cenocepacia, the clinical significance of infection with the other BCC species is much less clear. With important exceptions involving epidemic spread (Govan et al., 2007) , B. multivorans has not been associated with increased mortality or accelerated decline in key outcome measures, above that associated with chronic P. aeruginosa infection (Courtney et al., 2004; Jones et al., 2004; Kalish et al., 2006) . There are also differences between the different BCC species post lung transplant. Patients with B. cenocepacia, but not those infected with other Burkholderia species, have poorer post lung transplant outcomes (Chaparro et al., 2001; De Soyza et al., 2001) , and most transplant units will not consider these patients as candidates for lung transplantation. Concern about B. cenocepacia however means that patients with any BCC infection are often treated similarly (CF Trust, 2004) . Strict segregation policies, designed to protect patients from acquiring and transmitting BCC to other patients, contribute to the anxieties felt by these patients and may cause additional psychological harm by excluding them from the full range of CF unit facilities (Duff, 2002) . Clinicians have attempted eradication of newly acquired P. aeruginosa infections for over 25 years (Littlewood et al., 1985) , and there is now good evidence that this practice is effective at clearing initial infection and delaying the onset of chronic infection (Valerius et al., 1991; Conway and Lee, 2009) . Despite the success of this approach with P. aeruginosa and with methicillinresistant S. aureus (MRSA; CF Trust, 2008), eradication has not been extended in a formal, systematic way to any other of the major CF pathogens, including BCC. Notwithstanding, attempted eradication of newly acquired BCC infections is commonly attempted and has been standard practice in our large tertiary adult CF center for the last decade or so. The goals of this study were twofold: to describe the management of newly acquired BCC infections in adult CF centers in the UK and to examine the results of eradication strategies in our own center. The second goal involves reporting the new acquisitions of BCC organisms in our adult patients over the last 9 years, the impact of transient BCC infections, and the results of eradication strategies.
MATERIALS AND METHODS

CURRENT APPROACHES TO NEW BCC INFECTION
In order to establish how newly isolated BCC infections are currently treated in the UK, CF center directors were surveyed at the annual UK CF Center Director meeting. Non-returns were followed up by email.
OUTCOME OF ERADICATION THERAPY
Patients attending the Manchester Adult CF Center, a large tertiary-referral adult CF center (370 patients) in the North West of England, were included if they had new respiratory isolates of any BCC species between 1st January 2002 and 1st May 2011. Patients with infection caused by other species of Burkholderia, or with their first isolate of the same BCC organism before this date, and those whose first episode of infection with the same BCC was prior to transferring their care to our center were not included. Date of acquisition was defined as the date the organism was first cultured on selective medium from sputum samples. BCC infection was classified as having been eradicated if at least three consecutive cultures failed to yield the organism over a minimum period of 12 months, as per current UK CF Trust recommendations (CF Trust, 2004) .
Historical annual rates of BCC infection and acquisition were calculated from records of the numbers of infections that occurred in a calendar year, with the total numbers of patients taken as those attending the unit at the end of that year. Incidence was expressed as the number of cases per 100 patients. Data include those from a previously published series (France et al., 2008) .
Throughout this period, BCC-selective media were routinely used in the microbiology laboratory for analysis of all CF sputum samples. Organisms detected on selective media were formally identified as BCC at the national reference laboratories and confirmed by species-specific PCR and RecA sequencing. Genotyping by pulsed field gel electrophoresis (PFGE) was performed on all isolates and repeated when the interval between repeat positive samples was greater than 12 months.
There was no formal eradication protocol during the study period, but patients with new BCC infections were typically offered admission for intravenous (IV) antibiotics, followed by nebulised tobramycin with or without additional oral antibiotics. The exact choice, in the absence of evidence based guidelines or a formal protocol, was determined by organism sensitivities, patient allergies and preference, and logistics.
RESULTS
CURRENT APPROACHES TO NEW BCC INFECTION
Responses were obtained from 36 CF units (75% of all UK specialist CF centers), representing over 6300 patients and including 19 pediatric and 17 adult centers. Because of the rarity of new BCC infection in pediatric centers, many of these reported little or no recent experience of the issue. For this reason, only replies from the 17 adult centers (representing 3560 patients) have been analyzed further.
Twelve adult CF centers, representing 2860 patients, always attempt eradication of newly isolated BCC. Two additional centers attempt eradication only in the presence of additional indications. Only two units had a formal eradication policy. Intravenous antibiotics were used in all cases, for a median of 2 (range 2-6) weeks, typically comprising combined IV tobramycin and meropenem with additional therapy consisting of co-trimoxazole (n = 4), ceftazidime (n = 5), and chloramphenicol (n = 2).
Nebulised antibiotics (typically tobramycin or meropenem) were also used in 13 of these 14 centers, for a median of 12 weeks (range 8 weeks -indefinite). Five centers used additional oral antibiotics, for a median of 7 (2-12) weeks. This most commonly involved minocycline (n = 4) and/or co-trimoxazole (n = 5).
Of the 12 centers that always attempted eradication, 8 (67%) estimated success rate of eradication therapy to be less than 50% (Figure 1 ). In the five centers where eradication was not routine, factors that dissuaded clinicians were perceived poor success of treatment (n = 5), toxicity (n = 3), cost (n = 1), and lack of experience with this approach (n = 2).
EPIDEMIOLOGY OF NEW BCC INFECTIONS
The changing epidemiology of BCC infections at the Manchester Adult Center over the last 30 years are presented in Figure 2 . Rates of B. cenocepacia infection have dropped sharply since partial, and then full, segregation of patients was introduced in 1991 and 1994 respectively (France et al., 2008 One of the B. cenocepacia infections was due to the epidemic ET12 strain, acquired through patient to patient contact after the patient chose to ignore explicit infection control advice. All of the remaining FIGURE 1 | Estimated success of BCC eradication therapy in UK adult CF centers. In all but one of these centers, the practice was routinely applied to all new BCC infections. infections were due to individual sporadic strains, with the possible exception of the single infection with B. latens. This was one of a localized cluster of three patients with B. latens, in whom it is not clear whether cross-infection has occurred or whether the patients have been infected from a common environmental source (Horsley et al., 2011) .
Mean age of acquisition was 29 years (range 18-51 years; see Table 1 ). Data on baseline clinical variables and eradication therapy are missing in one case. In the remaining 21 patients, mean forced expiratory volume in 1 s (FEV 1 ) was 56% predicted (27-94%) and mean body mass index (BMI) was 21.1 (17.0-25.8) at time of first isolate. Seventeen patients (81%) were chronically infected with P. aeruginosa. 10 patients were also infected with S. aureus (48%), and 14 (67%) with one or more of Aspergillus sp., Candida sp., or other yeasts.
ERADICATION
In two cases it is still too early to report on eradication outcomes. In one further case, B. cenocepacia was identified on a single isolate only after the patient had died. These cases are highlighted in Table 1 , and excluded from further analysis.
Of the remaining 19 cases, eradication has been achieved in 7 (37%); comprising 5 cases of B. multivorans and 1 each of B. vietnamiensis and B. cenocepacia (see Table 1 ). However, four of these seven were only single isolates (three of B. multivorans and one of B. vietnamiensis), three of which did not receive any specific therapy.
Although antibiotics for BCC eradication were prescribed in 14 completed cases, and included combinations of 2-5 antibiotics for a median of 28 days (maximum 84 days), only four of these patients (29%) successfully cleared the infection. There was no significant association between receiving eradication therapy and successful eradication of BCC infection (p = 0.25, Fisher's exact test), see Table 2 . In one case (#11), it is unclear whether eradication therapy was prescribed, and this has been excluded from the analysis in Table 2 .
Overall, 4 of 14 treated patients and 3 of 4 untreated patients eradicated BCC. However, these three untreated cases were all single isolates, in whom subsequent negative cultures were already available.
There was no consistent eradication regimen applied during the period of study, see Table 1 . Antibiotic regimens consequently reflect individual microbiological sensitivities, patient allergies, and preferences. It has therefore not been possible to identify any aspects of treatment regimens, either the antibiotics used, the length of treatment or route of delivery, that impact on outcomes. Overall, 10 patients received IV antibiotics as either part or whole of their eradication therapy. Intravenous regimens contained meropenem in 8/10 cases, tobramycin in 6 and cotrimoxazole in 4 cases. In eight cases, oral antibiotics were used to supplement or to extend IV therapy, and in six cases were used without prior IV antibiotics. Oral regimens contained cotrimoxazole in 10/14 cases, minocycline in 8, doxycycline in 2, and ciprofloxacin in 5.
The four patients in whom eradication was successful received: (i) 28 days of oral co-trimoxazole, ciprofloxacin, and minocycline, (ii) 28 days of oral co-trimoxazole and minocycline combined with nebulised tobramycin, (iii) 14 days of intravenous temocillin, tazocin, and co-trimoxazole combined with oral minocycline, and (iv) 14 days of intravenous aztreonam and tazocin followed by 14 days of intravenous meropenem combined with 12 weeks of oral minocycline and co-trimoxazole. In all four cases where eradication was successful, the BCC appear to have cleared quickly. One case was a single isolate of B. multivorans, one was B. cenocepacia present on three occasions a maximum of 19 days apart, one was B. multivorans present on five occasions a maximum of 44 days apart, and the final case was B. multivorans present on four occasions a maximum of 56 days apart. In the first three of these cases, the organism was not isolated again after eradication therapy was started. In the final case, no further BCC were isolated once intravenous therapies were started, after an initial failure of oral co-trimoxazole and minocycline alone. After discussions, a single patient elected not to receive specific eradication therapy, and developed chronic infection with B. latens.
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CHRONIC INFECTION
Of the 13 chronically infected patients, 3 subjects have had intervals of over 1 year between positive isolates, all confirmed by genotyping as being due to the same organism. The maximum time interval between isolates was 29 months, with 26 negative sputum cultures. Genotyping by PFGE analysis confirmed that these two were the same strain of B. multivorans, representing either re-infection from the same environmental reservoir or persistent undetected infection.
CONCLUSION
This study highlights a number of important features of current practice with regards to BCC infection in CF, and is the first to report data on attempted eradication of new infections. We have shown that whilst this practice is widespread in the UK, it is poorly standardized and may be of little value in the majority of cases. Data from our own unit have shown that spontaneous clearance of new BCC infection occurs in at least 17% of cases, though the true value may be higher. It is not possible to know whether the cases apparently responding to eradication therapy would have cleared the infection without additional assistance, nor whether there are more cases of transient infection in CF that are acquired and cleared between sputum sampling at clinic. The success of patient segregation is borne out by the low rates of new B. cenocepacia infection. This has resulted in a shift in BCC epidemiology compared to an earlier published series from the same CF clinic (Jones et al., 2004) . In the period covered by the earlier paper , 33/57 (58%) of newly acquired BCC infections were due to B. cenocepacia, the majority of these caused by the epidemic ET12 strain, and 16 (28%) were caused by B. multivorans. Of the 18 new BCC infections in the unit since this earlier study, 14 (78%) have been due to B. multivorans, and only two have been due to a sporadic strain of B. cenocepacia (see Figure 2 ). This changing epidemiology is already well described (Govan et al., 2007; France et al., 2008 ) and the falling rates of new B. cenocepacia infection reflect the effects of routine surveillance for BCC (using specific culture media) combined with strict segregation policies. By contrast, rates of new sporadic BCC infection have remained relatively stable over this period (France et al., 2008;  see Figure 2 ). These are probably acquired from as yet unknown environmental reservoirs, and the prevalence is likely to increase as the CF population gets older.
Little data exist on outcomes except for the two most common BCC infections and whilst it appears that B. multivorans in the majority of cases is not as virulent a pathogen as B. cenocepacia, the infection is not without consequence. Three studies have reported no greater decline in lung function or BMI with chronic B. multivorans, compared to that seen with chronic P. aeruginosa infection (Courtney et al., 2004; Jones et al., 2004; Kalish et al., 2006) . In the two studies where it was reported, there was no apparent impact on survival of acquiring chronic infection with B. multivorans (Jones et al., 2004; Kalish et al., 2006) . However, the numbers involved in both studies were relatively small (covering a total of 41 patients with B. multivorans infection), and the follow up period of the larger study was far too short to make definitive observations about survival (Kalish et al., 2006) . These comparisons have only been performed against patients with chronic infection with P. aeruginosa, an organism already known to be responsible for a more rapid deterioration in health (Emerson et al., 2002) , and not against those with no chronic infection. Only with a longer study, on greater numbers of patients, would we be confident that B. multivorans infection had no additional impact on survival. It is unlikely to be entirely benign however. In vitro, B. multivorans has been shown to induce an inflammatory response similar to that of B. cenocepacia (Kaza et al., 2011) . Patients with chronic B. multivorans infection can suffer accelerated decline and the classical features of cepacia syndrome have been described (Zahariadis et al., 2003; Jones et al., 2004) . Occasional strains of B. multivorans have also been associated with epidemic spread, though unlike with B. cenocepacia the mode of transmission has not been identified (Baldwin et al., 2008) . In addition to the open question of the clinical significance, infection with BCC has important consequences for the patient. Segregation may involve reduced access to specialist facilities and this, combined with the anxiety of being infected with a member of the feared "cepacia" family of organisms, can contribute to the psychological impact of infection with these pathogens (Duff, 2002) .
If it is accepted that infection with even the sporadic strains of BCC is a significant event, then the issue of how this is managed becomes relevant. There are no national or international guidelines that the authors are aware of, and no reports of how new BCC is approached in other countries. Despite both the lack of any prior evidence of efficacy and the requirement for expensive and potentially toxic therapies, attempted eradication of new BCC is commonly attempted in adult CF centers in the UK. What is more, even in those centers where eradication is routinely attempted, there is a broad pessimism about the outcomes, with two-thirds of centers recognizing the below-50% success rate that we have reported here.
Our own attempts to institute eradication therapy have been only partially successful. Not all patients have received treatment, and the approach has varied both with time and with microbiological and patient factors. The current practice is to offer an initial 2-week course of intravenous antibiotics containing three different agents, one of which is usually co-trimoxazole (which may be given orally if the patient is undergoing home therapy). This is then followed with 6 weeks of two to three oral antibiotics, again usually containing co-trimoxazole, combined with either nebulised tobramycin or meropenem. No conclusions can be drawn from the results presented here about the optimal nature of the eradication regimen, and the evidence for this treatment schedule is drawn from a combination of in vitro studies, case reports, and an attempt to minimize the potential adverse effects of treatment. Aaron et al. (2000) reported on the individual and combined antibiotic susceptibility of BCC to 10-15 different antibiotics. They did not differentiate by species, but since these were clinical isolates from the 1990s, they are likely to have been predominantly B. cenocepacia. They found a poor response to single agent treatments but much greater efficacy of combined therapy. The most effective combinations were those including meropenem, tobramycin and ceftazidime (effective against 93% isolates), septrin (88%), chloramphenicol (87%), or aztreonam (87%). A number of clinical reports have confirmed the efficacy of IV meropenem against BCC during exacerbation (Ciofu et al., 1996; Kuti et al., 2004;  Frontiers in Cellular and Infection Microbiology www.frontiersin.org Weidmann et al., 2008) , though eradication has not been an aim or a feature of these reports. In CF patients who had undergone lung transplantation, an aggressive approach to post transplant eradication of BCC was adopted by the Toronto lung transplant clinic. They treated patients with IV ceftazidime, chloramphenicol, tobramycin, septrin and nebulised tobramycin for 3 months post transplantation (Chaparro et al., 2001) . In three out five cases of multi-resistant BCC, the regimen appears to have been successful in preventing re-infection post transplant. The other 20 patients who did not receive this regimen were all BCC positive after transplantation. Nebulised tobramycin has been used with some success in 2 case reports of successful treatment of cepacia syndrome (Weidmann et al., 2008; Grimwood et al., 2009) . Nebulised tobramycin in combination with nebulised amiloride has also been used as an eradication therapy in two case series. In the first, it was used to treat four adult CF patients with early growth of BCC, and appeared to be successful in three out of four cases (one B. cenocepacia; one B. ambifaria, one unclear; Middleton et al., 2005) . However, a later report of outcomes in seven children reported successful eradication in only one patient (B. stabilis), when given twice daily in patients who had infection for up to 10 years (Ball et al., 2010) . The numbers involved mean it is not possible to draw firm conclusions, but the difference in outcomes may relate to the chronicity of the infection. In those cases where eradication was successful, the infection had only been present for a short period of time. A similar observation can be made with the data presented here. In the four patients in whom eradication was successful, treatment was started within 2 months of the first isolate, and in three cases no further positive sputum cultures were found after the start of treatment. Early lack of response to eradication therapy may be an indication to change or abandon the approach.
The impact of eradication therapy in newly acquired BCC infection however has been disappointing. It is also possible that inadequate antibiotic treatment may cause more harm than good by inducing potentially harmful phenotypic change in the infecting organism (Zlosnik et al., 2010 ). In the current series, only 4 of 14 patients who received eradication therapy went on to clear the infection, though we cannot know whether these patients would have cleared the infection anyway. For even without specific therapy, infections may be cleared in a significant minority. Quite why this occurs is less clear. There is a highly diverse clinical course following acquisition of BCC infection, and spontaneous clearance may represent one end of a spectrum delineated by cepacia syndrome at the other. Phenotypic variation exists within individual BCC species, and exopolysaccharide production has been associated with clinical outcome (Zlosnik et al., 2010) . Much remains unknown however about the interaction between BCC and the CF lung, and the influence of other host and bacterial virulence factors have yet to be defined. In addition, virulence may also change over time due to genetic recombination. There is already evidence of significant transfer of genetic information from epidemic B. cenocepacia to B. multivorans, a process that is believed to have occurred in the clinical environment (Baldwin et al., 2008) .
A final important observation is that the interval between positive isolates can be prolonged. This emphasizes the need for continued surveillance and segregation. The current UK recommendation of at least 12 months of negative cultures before a patient is considered to have cleared the infection (CF Trust, 2004) may not be adequate for some patients.
It is important to recognize that there are significant limitations to the data presented here. The data are from a single center, involving a small number of subjects over a prolonged period during which the approach to new BCC infections has not been uniform. These results highlight the need for a thorough study of this question.
In conclusion, we are really no closer to answering the question of whether early BCC infection in CF can be eradicated with antibiotic therapy. We have shown that the practice of giving therapy to eradicate newly acquired BCC infections is widespread in adult CF units in the UK and have presented data, based on our own experience, that eradication is unsuccessful in the majority of cases. This is borne out by the estimates of success rate in other units. We have also shown that spontaneous clearance of infection occurs without treatment, which may be responsible for some of the apparent successes of eradication therapy. Looking to the future, and recognizing the potential clinical and psychological impact of untreated BCC infection, it is important that a rigorous and systematic evaluation be undertaken of the practice of eradication in order to avoid the inappropriate use of expensive and potentially harmful therapies.
